Background: This study explores some possible impacts that climate change could have in regional scale landslide early warning systems based on rainfall thresholds. The early warning system of the Emilia Romagna region (Italy), was used as a case of study to assess how much the changing precipitation trends can affect the rainfall parameters used by the warning system and to assess whether the predictive power is higher when its thresholds are defined using long (60 years) rainfall time series or using a shorter (10 years) but more recent dataset. Results: In our case of study, the use of recent but limited rainfall time series, although more representative of the contemporary rainfall regime, is a worse predictor compared to the longest possible rainfall datasets. The analysis of 60-years-long rainfall series facilitated the identification of extreme and anomalous events, as they better stand out from the average time series.
Background
Landsliding is a natural hazard that is responsible for casualties and economical losses worldwide (Petley 2012) . In temperate and Mediterranean climates, rainfall is the most common triggering factor, therefore landslide early warning systems at regional scale are generally based on the exceedance of statistical rainfall thresholds (Guzzetti et al. 2007; Guzzetti et al. 2008; Tiranti and Rabuffetti 2010; Cannon et al. 2011; Segoni et al. 2015a; Cucchi et al. 2015) . Such thresholds are commonly developed from two kinds of input data: a rainfall dataset and a landslide inventory. Neglecting any aspect related to the triggering mechanism, which is very site specific and that could be hardly generalized at the regional scale, statistical techniques are used to find an empirical relationship between landslide initiation and rainfall parameters and to define a mathematical formula (threshold) that separates rainfall conditions associated to landsliding and rainfall conditions that are not. In the literature, a wide variety of rainfall parameters have been effectively used to define rainfall thresholds, including intensity and duration (Cannon et al. 2011; Segoni et al. 2014a, b; Caine 1980; Guzzetti et al. 2008; Rosi et al. 2012; Nikolopoulos et al. 2015) , cumulative event rainfall and duration (Innes 1983; Vennari et al. 2014) , cumulative event rainfall and soil saturation (Ponziani et al. 2012) , antecedent rainfall (Govi and Sorzana 1980; Glade et al. 2000) , antecedent rainfall as measured over a given duration (Pasuto and Silvano 1998; Wilson 2000; Chleborad 2003 ) and other parameters (Guzzetti et al. 2007 and references therein).
This variety of parameters depends mainly on the quantity and quality of data (e.g. peak intensity cannot be properly assessed when rainfall data are measured at daily intervals) and on the physical constrains of the study area, above all the landslide typology . Indeed, there is a general agreement in recognizing that debris flows and shallow landslides are preferentially triggered by short and intense rainfalls (Campbell 1974; Crosta 1998) , therefore, when trying to predict shallow movements, intensity -duration thresholds are traditionally preferred (Caine 1980; Guzzetti et al. 2008) . Conversely, deep-seated landslides are usually influenced by prolonged and less intense rainfall events (Bonnard and Noverraz 2001; Martelloni et al. 2012) ; therefore, the antecedent rain plays a crucial role and rainfall thresholds are often based on rainfall parameters that refer to time intervals that may range from a few days (Crosta 1998; Heyerdahl et al. 2003) to several months De Vita 2000) .
Rainfall thresholds have been defined at every scale of analysis; in particular, they can be conveniently used in regional scale landslide warning systems (Martelloni et al. 2012; Giannecchini et al. 2012; Lagomarsino et al. 2013; Segoni et al. 2015a; Tiranti and Rabuffetti 2010) . All warning systems based on rainfall thresholds have the same basic principle: the formula representing the threshold is valid for the past and is considered valid also for the future; thus, if the system predicts rainfall conditions similar to those that in the past were associated to landslide initiations, a warning is issued.
This assumption is weakened by climate change and consequent changing of precipitation trends, which have been observed by many scientists (IPCC 2013; Parmesan and Yohe 2003) . Concerning landslide rainfall thresholds, some authors pointed out that their validity is limited in time as constant updates are necessary to account for the changing precipitation characteristics (Floris et al. 2010; Arnone et al. 2013; Rosi et al. 2015) . Some authors point out that these changing trends have tangible consequences in the definition of statistical rainfall thresholds (Wilson 2000; Floris et al. 2010; Quadrelli et al. 2001; Martina et al. 2010) , hence the need of performing periodic updates of the thresholds to have a fully functional operating EWS Rosi et al. 2015) .
Moreover, the recent changes in precipitation regimes bring to another issue in rainfall thresholds analysis: on one hand, statistical analyses are more robust if a long dataset is used and, according to the basic principles of statistics, the longest available time series should be used. On the other hand, if current rainfall regimes are different from those of a few decades ago, then only a more limited and recent dataset could be considered representative of the present precipitation regime and rainfall-landsliding relationship. To our knowledge, this ambiguity has not been fully addressed in the existing literature and the present study proposes a case of study to contribute to fill this gap.
This study aims to explore some possible impacts that climate changes can have in a regional scale landslide early warning system based on rainfall thresholds. The Emilia Romagna region (Italy), along with its early warning system named SIGMA (Sistema Integrato Gestione Monitoraggio Allerta) (Martelloni et al. 2012; Lagomarsino et al. 2013) , was used as a case of study to: i) assess how much the changing precipitation trends are affecting the rainfall parameters used by the early warning system; ii) assess whether the early warning system provides better results when its thresholds are defined using long (60 years) rainfall time series or using a shorter (10 years) but more recent dataset.
Methods

Test site: Emilia Romagna region
Emilia Romagna is a region in northern Italy that can be divided in two parts: the northern and eastern part is occupied by the alluvial plain of the Po River, while the southern and western part is occupied by the Apennines (Fig. 1) .
The regional landslide warning system focuses only on landslide prone areas; therefore, the flat area of the Po plain is not encompassed in this study.
The Apennines are a thrust and fold belt with a very complex tectonic and geological setting. In the study area, the bedrock consists mainly of flysch, which is composed of alternating massive rocks (mainly sandstones and calcarenites) and pelitic layers of variable thickness (Vai and Martini 2001) . Argillaceous geological formations are abundant as well and, during the Holocene, they were pervasively affected by large landslides with recurrent periods of reactivation.
Emilia Romagna is very susceptible to landsliding: here the national inventory of landslides (IFFI) reports 70,037 among active, dormant and inactive landslides (Trigila et al. 2010) . The most frequent phenomena are deepseated rotational-translational slides (affecting mainly flysch), slow earth flows (occurring in clayey lithologies) and complex movements (typically rotational failures at the head progressively changing into translational movements throughout the body and toe) (Martelloni et al. 2012; Bianchi and Catani 2002; Benedetti et al. 2005) . Rapid shallow landslides are recurrent as well and some authors report an increased frequency in the last few years Martina et al. 2010) .
IFFI inventory is considered one of the most complete landslides inventory of Italy, and it can be used to provide an overview on landslide phenomena in Emilia Romagna (Segoni et al. 2015b) , as it provides accurate mapping of all landslide bodies and useful additional information (e.g. state of activity or landslide typology). However, it could not be used to develop the warning system and to carry out the elaborations accounted for in this manuscript, because it does not provide the exact timing of triggering of each landslide, which is a mandatory information to develop, calibrate and validate rainfall thresholds and warning systems (Guzzetti et al. 2007; Rosi et al. 2015) . Therefore, the landslide database used in this work is a regional inventory made up of official records of the regional civil protection agency, spanning through the years 2004 to 2010, and containing 1680 landslides. In most of the cases, the timing of the landslides is known with daily detail, thus matching perfectly the daily outputs of SIGMA warning system. However, this database was compiled for administrative purposes: it contains information about the damaged properties but does not always provide further details about landslides; thus, most of the times, the landslide typology is unknown.
Landslides affecting Emilia Romagna are triggered by rainfall and two different kinds of precipitation events can be associated with the initiation of different landslide typologies: deep-seated landslides and earthflows are usually activated by moderate-intensity but exceptionally prolonged periods of rainfalls (Martelloni et al. 2012; Benedetti et al. 2005) , while shallow landslides are commonly caused by short but exceptionally intense rainstorms.
The study area is characterized by a typical Mediterranean climate with warm and dry summers (approximately from May to October) and mild/cool and wet winters (approximately from November to April).
SIGMA early warning system
To account for the hazard connected to rainfall triggered landslides in Emilia Romagna, the regional Civil Protection Agency uses a warning system called SIGMA (Sistema Integrato Gestione Monitoraggio Allerta), which is based on empirical rainfall thresholds. The system is explained in detail in Martelloni et al., (2012) and Lagomarsino et al. (2013) , and that can be briefly outlined as follows.
The Emilia Romagna region is subdivided into 8 Alert Zones (AZ) and each of them is monitored by a variable number of rain gauges (for a total of 25 in the whole region). Each rain gauge is considered representative of a Territorial Unit (TU), defined on the basis of relatively homogeneous geological, geomorphological and topographical characteristics ( Fig. 2) (Martelloni et al. 2012; Lagomarsino et al. 2013) .
All rain gauges satisfy the following characteristics: i) presence of a long historical series of rainfall recordings (60 years in most of the cases); ii) connection to a regional network that allows remote real-time measurements at hourly time steps; iii) representativeness of the TU meteorology, as demonstrated by a quantitative comparison with all other rain gauges of the same TU . A statistical analysis was carried out on the historical rainfall series of each rain-gauge (Martelloni et al. 2012 ). The result of this analysis was to define the rainfall records in terms of standard deviation (σ) from the mean value. This allowed drawing the σ curves, which define the amount of rain per day(s) as a multiple of the standard deviation above the mean historical value. For the most part of the rain gauges, the recordings begin in 1953.
For each territorial unit a catalogue of historical landslides is compared with the rainfall records in order to define the σ curves to be used as rainfall thresholds for the occurrence of landslides (Martelloni et al. 2012) .
In the warning system, the measured and the forecasted rainfall are compared with these thresholds. Since the response of slope stability to rainfall may be complex, SIGMA is based on a decision algorithm aimed at identifying short but exceptionally intense rainfalls and mild but exceptionally prolonged rains ( Fig. 3) : while the first ones are commonly associated to shallow landslides, the latter ones are mainly associated with deep-seated landslides. In the first case, the rainfall threshold is defined by high σ values (up to 3.5) and short durations (1, 2 or 3 days); in the second case, σ values are lower (to a minimum of 1.5) but the decision algorithm checks durations that may get to 265 days.
Each Territorial Unit has its own σ curves (defined by a statistical analysis on the rainfall series of its reference rain gauge) and its decision algorithm may use different multiples of σ (defined by a calibration against welldocumented landsides).
Finally, the warning system combines the outputs provided by the decision algorithm and aggregates them at the Alert Zone level .
As requested by the current regional laws, the warning system is run at least daily to provide a distinct criticality level for each Alert Zone. Normally, at the ordinary criticality level the only countermeasure is keeping a more frequent monitoring activity, while moderate and high criticalities can give way to real alerts addressed to municipalities and to other environmental agencies.
It should be stressed that the objective of regional warning systems based on empirical rainfall thresholds is not to forecast where and when a single landslide may occur, but is to warn when a more or less wide portion of territory may be critically exposed to one or more landslides (Guzzetti et al. 2007; Vennari et al. 2014; Rosi et al. 2016 ). However, SIGMA encompasses some features addressed to reduce the spatial uncertainty. First of all, the system is not based on a single threshold for the whole region: each AZ is monitored independently and may have alert levels different from those of the other AZs. Moreover, a combination with a landslide susceptibility map improves the spatial accuracy of the model (Segoni et al. 2015b) .
The warning system has also an additional module that accounts for the effects of snowmelt and snow accumulation (Martelloni et al. 2013 ).
Analysis of time series
The SIGMA warning system has been operated in Emilia Romagna for several years and its performance is episodically evaluated (Martelloni et al. 2012; Lagomarsino et al. 2013; Lagomarsino et al. 2015) . In this work, a different version of SIGMA (S10 henceforth) is applied and compared to the original one (S60 henceforth). The only different feature of S10 is that, to obtain the σ curves, the statistical analyses are performed using only the rainfall records of the last 10 years, instead of using the complete historical time series of each rain gauge (typically about 60 years). The analyses are carried out on 22 out of 25 rain gauges: the remaining three have shorter time series (up to 30 years), and were excluded from the analyses, as their time series are not long enough for the purpose of this work.
To assess if climate change affects the rainfall regime of Emilia Romagna, which in turn may affect the regional landslide early warning system, the σ curves of S60 and the σ curves of S10 were compared, along with some basic statistical properties (mean annual precipitation, mean daily precipitation, percentage of rainy days) of the different rainfall datasets.
In a second part of the study, the rainfall records from 2004 to 2010 were used to simulate the performance of S10 if used in the regional early warning system. The landslide database of the same period was compared with the model daily outputs to count both correct predictions and errors (false alarms and missed alarms). The performances of S10 were compared to those obtained by S60 in the same reference period, which had previously been published .
Results
Variation in rainfall values
First, for every reference rain gauge used by SIGMA, we compared the mean annual and daily precipitation values (MAP and MDP) as measured over the last 60 years with those calculated for the last 10 years. As can be seen from Table 1 , there is a high variability, as several rain gauges show negligible or small variations, some show a marked increase and some a marked decrease in some or in all variables taken into account. Overall, the average yearly and daily amounts of rainfall of the last 10 years show a small decrease (−1%) with respect to the last 60 years. Figure 4 shows that eastern territorial units are characterized by a marked decrease in MAP values, while in the rest of the region the spatial distribution of MAP variations does not seem to follow a regular scheme and does not correlate with latitude/longitude, nor with elevation (plot in upper right corner of Fig. 4) .
The same irregular pattern is observed when the rainy days (percentage, in a year, of days with total precipitation over 1 mm) are taken into account.
A more complete insight on the Emilia Romagna rainfall changing trends can be obtained comparing the σ curves. Basically, σ curves express how much precipitations of a given duration and amount can be considered "exceptional", where the exceptionality is statistically assessed in terms of multiples of the standard deviation. Figure 5 compares the σ curves obtained using 10 years and 60 years datasets in some rain gauges, in order to highlight the main common trends and the main differences that could be encountered in the territorial units of Emilia Romagna. Fig. 3 The decisional algorithm at the core of the SIGMA warning system. C 1-3 is the cumulative rainfall measured on the last day, the last two days and the last three days. C 4-63/265 is the cumulative rainfall measured in the last 4 days, 5 days, … up to 63 days in the dry season or up to 265 days in the wet season. The figure gives as an example the σ levels of TU number 4. Further details can be found in Martelloni et al. 2012 In general, the σ curves pertaining to the last decade are markedly lower than the σ curves pertaining to the last 60 years (Fig. 5) . Only two pluviometers have slightly higher (Bologna) or substantially similar (Modigliana) σ curves. This is verified especially for high multiples of σ, while for lower σ multiples (i.e. 1.5σ and 2.0σ curves) 4 rain gauges (e.g. Farneta - Fig. 5 ) show similar or higher curves when the 10 years period is taken into account. Another interesting feature is that in almost all cases, for very short durations (i.e. a few days), the 3.0 σ curves calculated in 10 years are higher than those calculated in 60 years, even if at longer duration the trend is inverse. Fig. 5 Comparison of σ curves calculated using 10 years and 60 years datasets. Most of the regional rain gauges have a trend similar to Corniolo rain gauge (a). However, a few cases exists where differences in σ curves are less marked (b). The location of the rain gauges is displayed in Fig. 2 The only exceptions are Verano Marchesi, Pavullo, Monte Ombraro, Modigliana and Corniolo, which all have negative MAP variations (Table 1) .
A common feature to all TUs is that the differences between high (e.g. 3.0σ) and low (e.g. 1.5σ) σ curves is smaller if they are calculated using the last 10 years, rather than using the full 60 years dataset. This is particularly evident for long durations, when the curves seem to converge.
Generally, and especially for high multiples of σ, the σ curves drawn using a 10 years dataset show an irregular pattern, with "flat" curve segments alternating with steep increments.
Variation in SIGMA results
The main objective of this work is to check if the performance of the warning system can be improved using σ curves calculated on the last 10 years. To this end, an alternate version of SIGMA warning system (S10) was implemented using the 10 years σ curves defined in the previous section. In each TU, the decision algorithm was calibrated against past known landslides as in Martelloni et al. (2012) . Afterwards, we simulated the performance of S10 using the rainfall measurements of the period 2004-2010 and we performed a validation: for each territorial unit, the simulated daily outputs of SIGMA were compared to the existing landslide database and classified as true positives (TP, correct prediction of landslide), true negatives (TN, no threshold exceedance and no landslide occurrence), false positives (FP, threshold exceedance and no landslide) and false negatives (FN, no threshold exceedance and landslide occurrence).
Concerning S60, the results of a validation procedure carried out with identical methodology are known ). The validation statistics of both S10 and S60 were combined to define common performance indexes widely used in literature (Martelloni et al. 2012; Lagomarsino et al. 2015; Begueria 2005) , in order to quantitatively compare the performances of S10 and S60 (Tables 2 and 3) :
Sensitivity: Se = TP/(TP + FN); expressing the capability to properly classify rainfalls that triggered landslides; Specificity: Sp = TN/(TN + FP); expressing the capability to properly classify rainfalls that did not trigger landslides; Positive prediction power: PPP = TP/(FP + TP); the probability of correctly classifying a rainfall that triggered landslides; Negative predication power: NPP = TN/ (TN + FN) ; the probability of correctly classifying a rainfall that not triggered landslides. Efficiency: Eff = (TP + TN)/(TP + TN + FP + FN); the percentage of correct predictions. Likelihood ratio: LR = Se/(1-Sp); a measure of the overall performances.
Discussion
Changing rainfall trends
In several zones of the Mediterranean area, the recent climatic trends are leading to shorter and more intense rainfalls (Floris et al. 2010) . The trends observed in Emilia Romagna for the last 10 years seem coherent with this assumption. As noted by other studies (Tomozeiu et al. 2000) , the influence of local factors such as topography and the proximity of Adriatic Sea to the East prevent a homogeneous response in the various TUs and, apparently, regular spatial patterns cannot be identified. However, we verified a general reduction of rainy days per year with respect to the average annual precipitations indicating a drying trend. The presence of a trend leading to short and intense precipitations is corroborated by the analysis of the σ curves, which provide relevant information about the rainfall trends of the various territorial units. In addition, the comparison between σ 10 and σ 60 curves revealed comparable behavior in the various territorial units.
In almost all TUs, at long durations and for mid-low σ values, σ curves are lower for S10 than for S60. As instance, for Bardi rain gauge (Fig. 6) , 200 mm of rain in 15 days correspond to 2.5σ from the average 60 years value and to 3σ from the average 10 years value. This outcome suggests that, at present days, events characterized by very large rainfall amount fallen over very long durations are less common than some decades ago.
At short durations, we observed the opposite trend. As can be seen from Fig. 6 , 140 mm of rain in 3 days could be considered exceptional if compared to the rainfall of the last 60 years (value above the 3σ curve of S60). However, if the reference period is reduced to the last 10 years, the same amount is less anomalous and less critical (value below the 3σ curve of S10). This means that short and intense rainfalls have become more common than in the past decades and a higher rainfall amount is needed to consider a storm as exceptional, because more rainfall is needed to diverge significantly from the average values. In addition, also the shape of S10 curves pertaining to the highest multiples of σ shows evidences of a trend with increasing short-intense precipitation. In fact, as can be seen in Figs. 5 and 6, the curves have flat portions where at increasing time the rainfall amount and the σ level remain stationary. These flat portions are usually followed by steep segments of the curve. This characteristic progressively diminishes at decreasing σ multiples and is completely absent from S60 curves. This feature could be partially due to the reduced sample of the S10 time series, but it is also in accordance with the observed changing trends. In fact, because of the frequency of short duration and high intensity rainstorms, the moderate duration and intensity rainfalls are being progressively replaced by a complex concatenation of shorter but very intense episodes alterning with periods of no rain.
Consequences in early warning system performance
The last and most important part of this work focuses on the actual implications of changing precipitation trends in the effectiveness of the landslide forecasting system of Emilia Romagna. In simple words: provided that the rainfall regime is changing, is it better to update the rainfall thresholds of the warning system and to calibrate them against only the most recent and anomalous years of rain, or is it better to use the longest possible rainfall datasets, even if they may contain data pertaining to a rainfall regime that is different from the present one? According to the results of our analyses, we verified that, overall, the use of recent but limited rainfall time series results in poorer predictions than for the entire data series (S60) ( Tables 2 and 3 ): in the test periods, 21 hazardous events, which were correctly predicted by S60, were missed by S10. This drawback is not compensated by the slight decrease of the false positive rate. Indeed, we verified a slight decrease in the value of the likelihood ratio (from 20.74 to 20.43), which is commonly being used to assess with a single statistic the global performance of a model (Begueria 2005; Lagomarsino et al. 2015) .
If we look at the performance of the single territorial units (Tables 2 and 3) , we observe a heterogeneous behavior. In 12 out of 22 TUs, S10 results in poorer predictions than S60. In 4 TUs, the capability of detecting landslides does not increase, however the number of false alarms is reduced, therefore the performance of the warning system is slightly improved. In 3 TUs, the number of correctly forecasted landslides diminishes, but this drawback is partially balanced by a decrease of false alarms. In 3 TUs, changes in performances were negligible. The use of S10 instead of S60 does not bring marked improvements in any of the TUs.
We also tried to investigate whether the use of S10 instead of S60 could produce some improvements at least in the forecasting of high-criticality events, that Fig. 6 Zoom of the σ curves at short durations, Bardi rain gauge SIGMA identifies checking only higher multiples of standard deviations over short periods of time (3 days maximum, see Fig. 3 ). Basically, this subsample includes only short and exceptionally intense rainfalls. Again, the use of S10 produces in general poorer predictions than S10. Only in 5 TUs we verified a certain improvement (a slight reduction of false alarms), in 7 TUs false alarms are reduced but as a drawback some missed predictions are introduced, while in 8 circumstances the result is pejorative both in terms of missed alarms and true positives.
We explain these outcomes with the characteristics of the model at the core of the SIGMA warning system: the decisional algorithm is based on the concept that landslides occur in the case of rainfall events that can be considered exceptional either for the rainfall amount or for the duration (Figure 3 ). The analysis of 60-years-long rainfall series ease the identification of extreme and anomalous events because they better stand out from the average time series. This is a crucial point, as for similar warning systems it is fundamental to identify rainfalls that may trigger landslides. Since the variation of meteorological forcing implies a variation in the activity of the geomorphological processes that shape the landscape, the application of similar early warning systems is even more effective (and needed at the same time) in a changing climate context.
Conclusion
We compared the last 10 years with the last 60 years of measurements from the rain gauges used by the regional landslide warning system of Emilia Romagna region (Italy). Considering some basic rainfall statistics used by the warning system, we observed variations in the local rainfall trends, with oscillations that are not homogeneously distributed in the territory and with relevant differences among the territorial units.
However, some indicators seem in accordance with the trend observed in other Mediterranean areas, that are leading to shortest and more intense rainfalls. This was confirmed in particular by the analysis of the σ curves, which express how much a precipitation of a given duration and amount can be considered "exceptional", where the exceptionality is statistically assessed in terms of multiples of the standard deviation. In particular, we observed that, nowadays, rainfalls of short duration (i.e. a few days) need to have higher amounts to consistently diverge from the average values observed in the past decades. This outcome suggests that the climate change is bringing to relevant changes (even if not spatially homogeneous through Emilia Romagna) in the rainfall time series: intense rainfalls are concentrated on shorter durations than in the past decades and short events with extreme intensity are increasing in frequency.
The observed changes in rainfall trends could infer a change in landslide activity, with relevant implications for natural hazards assessment and civil protection activity. It is therefore of paramount importance to draw some conclusions that have a relevant impact in applied meteorology and in the operational applications of rainfall threshold to early warning systems.
First, this study clearly points out that, when landslides early warning systems are based on the identification of anomalous rainfall values by means of statistical analyses of rainfall time series, their effectiveness does not increase if only recent datasets are considered. In our case of study, the use of a short dataset representative of the recent changes in rainfall trends does not improve the identification of landslide occurrence. On the contrary, the use of long datasets (60 years in this work), provides the best results as it eases the identification of extreme rainfall values, which can stand out more markedly from the general trend observed over past decades.
In a period in which local civil protection agencies are planning the reorganization of their instrumental networks, these results suggest that it is of chiefly importance to maintain a certain degree of continuity for rain gauges with long time series and the dismissing or the displacement of "old" instruments should be considered carefully.
Furthermore, since the study pointed out that the longer the rainfall series, the better the warning system results, we can infer the importance of a constant update of the thresholds as soon as new data are available: the increased calibration sample leads to more robust and representative statistical analyses and helps to better account for the ongoing changes in precipitation trends and for the subsequent changes in the activity of geomorphological processes.
